Abstract. Lake-induced atmospheric circulations over three lakes ranging from 3 to 10 km width are analyzed using data from three aircraft during the 1994 Boreal EcosystemAtmosphere Study (BOREAS). A well-defined divergent lake breeze circulation is observed over all three lakes during the day. Under light wind conditions, the lake breeze is not very sensitive to the water temperature, and the strength of the divergence over the lake decreases with increasing lake size. The boundary-layer development over the surrounding land can be very important for generating a horizontal pressure difference which drives the lake breeze. Diurnal and seasonal variations of lake breezes are investigated on the basis of repeated passes from the different aircraft at different altitudes from late spring to early fall of 1994. The lake breeze divergence increases with time during the day and reaches a maximum around 1300 LST. The latent heat flux over 10-km-wide Candle Lake increases steadily from spring to fall as the lake temperature increases. The latent heat flux over the land reaches a maximum during the summer due to evapotranspiration. The lake effect on area-averaged fluxes sometimes leads to a negative heat transfer coefficient for an averaging scale of several times the lake width.
Introduction
Atmospheric boundary layer flow can be strongly influenced by the spatially varying energy exchange between heterogeneous ground surfaces and overlying air. Lakes can lead to particularly strong variations in surface heat flux.
The summer daytime air over a lake typically is cooler and denser than the air overlying relatively warm adjacent land surfaces. As a result, a horizontal pressure gradient is generated by the air density difference which forces onshore flow, commonly called the lake breeze. Lake breeze studies have been reported for Lake Erie [Biggs and Graves, 1962] , Lake Michigan [Lyons, 1972; Keen and Lyons, 1978] , and Lake Ontario [Estoque et al., 1976] . A commonly applied lake breeze index, cr -= [/2/(c/,AT), was introduced by Biggs and Graves [1962] . Here I/is a characteristic wind speed such as the hourly-averaged speed between 1000 and 1600 LT, or the geostrophic wind from 1200 UT surface maps at an inland location, c e is the specific heat of dry air, and A T is the difference between the maximum surface air temperature at the inland location and the mean water temperature.
The lake breeze and its related thermal internal boundary layer have also been studied with numerical models [Segal and • 
Data Description

General Information
This study focuses on Candle Lake in the BOREAS southern study area (SSA), located 70 km northeast of Prince Albert, Saskatchewan, Canada. Candle Lake, surrounded by mixed canopies, is about 10 km across in the northeastsouthwest direction and about 20 km in the northwestsoutheast direction and is the largest lake in the SSA. In order to study the lake breeze for different sizes of lakes the data over White Gull Lake (5 km in diameter) and Halkerr Lake (3 km in diameter) will be compared with those over Candle Lake. All three lakes are on the same flight track used by all aircraft (Figure 1 ). White Gull Lake is in a region of black spruce and mixed vegetation about 12 km NE of Candle Lake, and Halkett Lake is surrounded by aspen about 50 km SW of Candle Lake.
Measurements from the NOAA LongEZ, Canadian NRC Twin Otter [MacPherson, 1996] , and NCAR Electra aircraft were used. Both the Twin Otter and the LongEZ flew at about 30 m above the surface, and the Electra flew at altitudes ranging from 100 m to 3 km above the surface. During the three intensive field campaigns, there were 13, 120, and 66 low-level legs over Candle Lake for the Twin Otter, LongEZ, and Electra, respectively, and 37 Electra flight legs higher than 100 m and within the boundary layer. The data cover between 0900 LST and 1700 LST from late May to mid-September. Wind components, air temperature, humidity, and CO2 concentration are available at 25 s-• on the Electra, 16 s-• on the Twin Otter, and 40 s-• on the LongEZ. In addition, the O 3 concentration was recorded on the Electra and the Twin Otter.
In order to document the land-lake surface temperature contrasts, track segments over land about the width of the lake on both sides of the lake were selected. Fluxes over the lake and over the adjacent land segments were calculated using eddy correlation methods where the unweighted mean is computed over a window size equal to the lake width.
Data Comparisons Between Aircraft
The Electra flew a Barnes Engineering Model PRT5 radiometer during the first intensive field campaign (IFC-1) and both the PRT5 and a Helmann radiometer during IFC-2 and IFC-3. Surface radiation temperatures from the two radiometers show very good agreement. During IFC-1 the PRT5 sometimes failed due to instrument overheating.
During the three field campaigns in 1994 the Twin Otter and the Electra flew over Candle Lake on the same day on four 
General Characteristics of Meteorological
Variables Around Candle Lake Air temperature averaged over all the Candle Lake passes is about 0.7øC warmer over the land than over the lake at the 30 m level and about 0.3øC warmer at the 100 m level ( Figure  2 and Table 1 ). The variation of the air temperature over both the land and the lake follows the variation of the ground temperature (Figure 2) . Because of the stably stratified flow over the cool, smooth lake and the unstably stratified flow over the warm, rough land surface, the fluctuations of wind components, air temperature, humidity, and CO2 and 03 concentration are smaller over the lake than over the land (Table 3) . Sensible heat, latent heat, momentum, carbon dioxide, and ozone fluxes averaged over all the Candle Lake passes are much smaller over Candle Lake than over the land ( The standard deviations of the pass-averaged variables in Table 1 and fluxes between the passes in Table 2 include diurnal and day-to-day variations and flux random sampling errors from each pass (sections 5 and 6). The influence of cold front passages on surface radiation temperature and air temperature is evident in Figure 2b . The sensible heat flux averaged over all the Candle Lake passes is weak downward over the lake and strong upward over the land, which is also found by McDermott and Kelly [1995] . The moisture flux is upward over both the lake and the land. The CO2 and 03 fluxes are downward over both the land and the lake at the 100 m level but upward over the lake at the 30 m level (Figure 3) . The negative skewness of the vertical velocity at 30 m over the lake (Table 3) implies that the strongest vertical motions are downdrafts. This suggests that the main turbulence source over the lake is above 30 m. Combining the skewness of the vertical wind component in Table 3 and the vertical flux convergence in Table 2 , we infer that the O3 and CO2 sinks are between 30 m and 100 m over the lake and below 30 m over the land; the heat source is above 30 m over the lake and below 30 m over the land; and the moisture source is from the surface (Figure 3) . The sinks and sources are the advection of warm, dry, and low CO 2 and O3 air from land over the lake between 30 m and 100 m.
The specific humidity is about the same over the land as over the lake except sometimes in the morning (section 5) when it is higher over the lake. Carbon dioxide and ozone concentrations are, respectively, about 2 ppmv and 0.3 ppbv higher over the lake than over the land at the 30 m level due to the uptake of the carbon dioxide by the vegetation and ozone deposition to leaf and ground surfaces. The strong downward entrainment of ozone-rich air from the overlying free atmosphere makes the ozone concentration at the 100 m level higher over the land than over the lake even though downward vertical motion associated with the lake breeze may bring down ozone-rich air over the lake. The traditional lake breeze index, tr in Table 4 , is estimated for each Candle Lake pass using the total ambient wind veloc- ity over the land and the difference between the air temperature over the land and the lake surface radiation temperature. The linear correlation coefficients between the divergence over the lake and the lake breeze index, A T, U, and A T/U in Table   4 , indicate that the divergence is best correlated with the ambient wind at 30 m altitude and with the air temperature difference at 100 m altitude. The strength of the advection can modify the air temperature difference and vertical mixing over the lake very effectively at the lower level, while the air temperature difference at 100 m is more correlated with the vertical development of the thermal influence of the lake. The net observed effect is that the column of the cool air over the lake grows during the increase of the vertical mixing in the morning. The deepening of the internal boundary layer over the lake strengthens the horizontal pressure gradient which leads to strong divergent flow over the lake even if the horizontal temperature difference at lower levels does not increase. To interpret the relationship between the lake breeze circulation and the strength of the large-scale flow, one must recognize several competing influences. The significant wind can tilt the internal boundary layer over the lake at the upper level and reduce the air temperature difference at the lower level. These influences act to reduce the generation of lake breeze flow and lead to a general negative correlation between the lake breeze divergence and the speed of the large-scale flow. However, the depth of the stable layer over the lake, H, may A T/U 0.29 0.27 0.14 increase with wind speed due to shear-induced mixing. This secondary effect of the strength of the large-scale flow acts to increase the strength of the lake breeze circulation since the cool internal boundary layer over the lake is deepened.
Upper Level Circulation Induced by Lake Breeze
The downward air motion induced by the low-level divergence is seen on the August 31, 1994, Electra flight where the difference between the vertical wind component over the land and over the lake increases with height (Table 5 ). This downward motion is associated with the vertical change of sign of the horizontal temperature difference AT. The air is cooler over the lake than over the land at lower levels and warmer at higher levels. These results suggest adiabatic warming associated with downward motion over the lake.
The strong vertical mixing and development of a well-mixed boundary layer over land during the morning rapid transition period can also cool the air at higher levels [Lenschow et al., 1979; Ehret et al., 1996] . As a result, the air over the lake above the nocturnal inversion layer can be warmer than the rapidly vertically mixed air over the land. However, all the higher-level Electra flights are close to local noon; therefore the warmer air over the lake at higher levels is likely to be due to adiabatic warming associated with the downward circulation over the lake.
The standard deviation of the vertical motion is smaller over the lake than over the land (Table 5) , including the levels where the air temperature is warmer over the lake than over the land. The difference of the standard deviation of the air temperature between the land and the lake, however, changes in the vertical. The standard deviation of the air temperature is smaller within the lake-modified cool air at the lower level over the lake and becomes larger when the air temperature is warmer over the lake than over the land at the higher level. The higher standard deviation of the air temperature over the lake at 1600 m (Table 5 ) is apparently associated with stable temperature stratification and residual turbulence at the upper level over the lake.
Pressure adjustments resulting from subsidence and consequent adiabatic warming in the presence of stable stratification within or at the top of the internal boundary layer can act as a negative feedback to the lake-induced circulation. The adiabatic warming due to the subsidence over the lake acts to limit the generation of surface high pressure over the lake. Since this effect preferentially inhibits the development of circulations driven by small-scale surface heterogeneity [Smith and Mahrt, 1981] , it more effectively reduces the influence of small lakes and is probably important on the scale of Candle Lake. This negative feedback appears to contribute to the preferred sea breeze scale found in the analysis of Rotunno [1983] and Dalu et al. [1991] . Therefore the pressure over the lake is the balance between the lowering of pressure caused by the adiabatic warming and the increasing pressure caused by the cool lakemodified air associated with the weak downward heat flux into the layer just above the lake.
Influence of Boundary Layer Development on Lake
Breeze
The development of the low-level divergent flow over the lake depends on the depth of the layer in which the air temperature over the lake is substantially different from the air temperature over the land. This depth can be associated with the development of the internal boundary layer over the lake or the growth of the heated boundary layer over the land. As an example, on May 25, 1994, when the ambient wind was weak (about 1 m s l), the divergence is about 2 and 2.4 times, respectively, stronger over White Gull Lake and Halkett Lake than over Candle Lake ( Figure 5 ). The strength of the divergence can be easily seen from the strong gradient of the alongflight-track wind across the lake shown in Figure 5 . The air temperature at 30 m over all three lakes is about the same even though the water temperature of the shallower White Gull and
Halkett
Lakes is about 5øC warmer than Candle Lake. The similar air temperature between large and small lakes may be due to the weak vertical mixing in the stable layer over the lake and less influence from the land under the weak wind condition. The above observations imply that the internal boundary layer depths over the three lakes are roughly the same because of the cancelation of the lake size on both sides of (5). The divergence apparently decreases with increasing lake size under this weak wind condition. The results also indicate that the development of the boundary layer over the land may play an active role in the buildup of the horizontal land-lake pressure difference. The cold lake simply maintains the overlying cool Lakes also imply that the exact water temperature of the lake is not crucial for the lake breeze but rather it is the contrast between the boundary layer development over the warm land surrounding the lake and the stable cool air over the lake. This is consistent with the results of Segal and Pielke [1985] and Arritt [1987] . The size of the lake for which the divergent flow can be observed appears to be controlled by the ambient wind and the stability of the air over the lake since both factors can affect the warm-up of the lake-modified air.
Diurnal
Variation of Lake-Induced
Atmospheric Circulation
The traditional lake breeze index (o-) is defined in terms of the daily maximum air temperature and the hourly averaged wind in the morning. Therefore it cannot be used to charac- variation of the divergence is consistent with the observations at Lake Okeechobee [Arritt et al., 1996] . The divergence increase in the morning occurs even when the horizontal air temperature difference at 30 m decreases with time. In the early morning the layer of warm air over the land is too shallow to create a significant horizontal pressure gradient and there is no lake breeze to oppose the warm air advection from the land. Gradually, the rate of warming over the land decreases with time due to increasing depth of the vertical mixing. At the same time, the cool lake air is warmed due to both advection and downward mixing of the warm air. As a result, the land-lake air temperature difference decreases at the lower level. However, the warm layer over the land deepens, the vertically integrated land-lake air temperature difference increases as does the internal boundary layer depth H. Therefore the divergence at the lower level increases steadily in the morning. This example further explains the relatively poor correlation between the divergence and the low-level air temperature difference between the land and the lake areas discussed in section 4.
As the horizontal divergence becomes established over the lake, the advection of the warm land air over the lake surface is opposed by the divergent lake breeze. The mixing between the cool lake air and the warm land air is reduced, 'and AT starts to increase at the 30 m level. This increase of the air temperature difference is commonly observed in the early afternoon.
Specific humidity and CO2 concentration are generally higher over the lake than over the land in the morning ( Figure  6 ). A Twin Otter pass around noon over Candle Lake under the light wind condition shows a sharp drop of specific humidity as well as CO2 and 03 concentrations at the west end of the lake (Figure 7) . The sharp front is the result of easterly moving dry land air with low CO2 and high 03 and the westerly moving onshore lake breeze with high humidity and CO 2 and low 03 lake-modified air.
The high CO2 and humidity and low O 3 concentration over the lake may be related to the remnants of the nocturnal air, which has high CO2 concentration from the land respiration, high moisture due to evaporation, and low O3 due to ozone deposition on leaves and the ground surface. This air is transported horizontally and retained in the stable nocturnal boundary layer over the lake. If the lake water is warmer than the surrounding land at night, then the unstable air over the lake may help distribute the high CO 2 and water vapor and low O 3 air into higher levels over the lake [Sun et al., 1997] . Nevertheless, only small fluxes are observed over Candle Lake during the aircraft passes when higher CO 2 and moisture and lower O 3 over the lake are observed (Figure 7 ). The high humidity over the lake in the morning may also be related to the weak upward moisture flux being confined to a thin stratified layer over the lake surface.
Both humidity and CO 2 decrease, and 03 increases over both the land and the lake during the day. These variations are caused by the plant uptake of CO2, possible photochemical production of ozone, and entrainment and downward mixing of dry and O3-rich air. The air is sometimes drier over the lake than over the land in the early afternoon because of the mean downward motion at the higher levels over the lake (section 4) and partly by less evaporation over the cool lake compared with the large midday evapotranspiration over the land. As a part of the lake breeze circulation, the convergent flow associated with the subsiding warmer, drier air with higher ozone concentration is seen at 1420 LST at 1300 m in Figure 6 not occur before midmorning, the transition between nocturnal and daytime boundary layer cannot be observed over the 3o land but can be observed over the lake. As a result, the variff 2o
ations of CO2 and 03 concentrations between flight passes are • 10 larger over the lake than those over the land (Table 1, 
Seasonal Variations
The lake temperature is about 10øC colder than the typical midday land temperature at the end of May (Figure 2) . The lake temperature increases slowly from spring to summer and decreases slowly in late summer. The slow variation of the lake temperature is due to the large heat capacity of the water (Figure 2, section 3) . As a result, the moisture flux over Candle Lake increases steadily with time during the three IFCs ( Figure  8 ). Following the slow seasonal variation of the lake temperature, the air-lake temperature difference decreases with time from spring through fall since the air temperature over the lake is more controlled by the advection from the land (Figure 2,  section 3) . That is, the climatological stability of the boundary layer over the lake changes from stable in the spring to unstable in the fall, with occasional disruptions by cold-front passages. The seasonal trend for the weak sensible heat flux is not apparent due to the limited number of flight missions with more than three repeated passes required for Figure 8 in order to reduce random sampling errors in the fluxes.
Associated with the full development of leaves, canopy stomata release more water vapor and take more CO2 and O3 during the summer, which leads to a larger upward moisture flux and large downward CO2 and 03 fluxes (Figure 8) . However, the soil temperature dependence of the respiration may balance the decrease of the CO: concentration. As a result, the seasonal variation of the CO: flux is not well defined (not shown).
Since the lake cools slowly at night, the lake temperature is warmer than the land in the early morning for many of the days after the end of July. However, for most of the cases, the upward heat and moisture fluxes during the daytime are larger over the land than over the lake even when the lake temperature is warmer than the land surface radiation temperature ]. Sun and Mahrt [1995] have found that the spatially averaged surface radiation temperature over the land during BOREAS can be strongly influenced by the shaded cool ground surfaces, while the heat flux is dominated by the sunny canopy top. As a result, the heat flux can be upward even though the averaged surface radiation temperature may be cooler than the air temperature. The fraction of shaded ground surface is particularly large in the morning when the Sun angle is low. Therefore the sunny canopy top over the land leads to upward heat flux although the averaged surface radiation temperature is lower over the land than over the lake.
However, some special cases are observed where the fluxes over the lake are larger than those over the land. For example, on September 3, 1994, the land surface was about 6øC colder over Candle Lake II  II  II  II  II  I'll  If  II  II than the lake temperature in the middle of the day with heavy cloud cover (Figure 9 ). For this case, the specific humidity and air temperature are higher over the lake than over the land. The sensible and latent heat fluxes over the lake are, respectively, about two and four times larger than those over the land due to the cool land air over the warm water. The momentum, CO2, and 03 fluxes are about the same over both surfaces.
Fluxes As Function of Flux Averaging Scales
Applying the bulk formulae for fluxes over heterogeneous surfaces is problematical [Mahrt and Sun, 1995a, b] . The bulk formulae are developed for calculation of turbulent fluxes based on local mean variables. These relationships between the fluxes and the local mean variables may not be the same as the relationship between the area-averaged fluxes and the areaaveraged mean variables. With surface heterogeneity, the relationship between the grid-averaged fluxes and the gridaveraged air-ground temperature and humidity differences and wind speed in numerical models depends on the grid size [Mahrt and Sun, 1995a, b] . The required transfer coefficients in the bulk formula may not follow surface similarity theory.
In As an example, the lake effect on the area-averaged flux from the LongEZ on May 26, 1994, is shown in Figure 10 . When the grid size covers only the lake, the grid area is homogeneous, the air over Candle Lake is stable with weak downward sensible heat at the aircraft flight level of 30 m; the air is warmer than the lake water and the airwater temperature difference is small. As the averaging window increases to include more warm land surfaces, the fluxes and the gridaveraged variables are dominated by strong upward sensible heat, latent heat, and momentum fluxes and large air-ground differences. Therefore as the averaging scale increases from 100% lake to almost 100% of the land, where the lake effect becomes negligible, the averaged sensible heat flux and the mean air-ground temperature difference change signs from The exchangc coefficients for moisture and momentum generally increase steadily with averaging scale. In addition to the averaging problem in the sensible heat flux, the grid-averaged wind speed bascd on (6) decreases with averaging scale [Mahrt and Sun, 1995a, b] . If the grid just covers the lake, the divergence from the lake breeze leads to a very small grid-averagcd wind speed. As the grid averaging scale increases to include the land surface, the vector-averaged wind speed is closer to the ambient large-scale wind. Therefore the area-averaged wind speed may increase as the percentage of the land surfacc in the grid increases. Because of the restriction of the observations to a single flight track, the cancelation for the averaging scale equal to the lake width in Figure  10 is limited only to the direction of the flight track. As the averaging scale continues to increase, the area-averaged wind speed decreases due to random fluctuations of the wind direction. This problem is not related to lakes specifically but more to area averaging in general. Therefore the exchange coefficients may increase with averaging scale unless the fluxes and the air-ground differences depend significantly on grid size.
The problcms related to the area averaging can be complicated if a grid size covcrs several lakes, which could happen with grid arcas in the BOREAS study area. The example in 
Summary
The above study has shown that cool lakes, here ranging from 3 to 1() km in width, can generate well-defined lake breezes on days with weak large-scale flow. As a part of the lake brcezc circulation, downward motion of warm, dry air, and high ozone concentration is observed at 1000 m over Candle Lake. The turbulence is weak over Candle Lake than over the surrounding land even at the 1000 m level. The divergence of the lake breeze circulation is negatively correlated with the wind speed. Under weak wind conditions, the lake divergence decreascs with increasing lake size and is not sensitive to the lake water temperature. The air temperature over three different sized lakes is about the same since the timescale of the vertical mixing in the stratified air over the lake is longer than the timescale of the land-air advection. The lake breeze is sensitive to the relative horizontal difference in the boundary layer development and column air temperature between the lake and the land, not the air temperature difference at lower levels. The rapid boundary layer deepening over the warm land contributes to the horizontal difference of the column air temperature which leads to a horizontal pressure difference that drives the lake breeze circulation.
The lake breeze strongly depends on the diurnal development of the difference between the boundary layers over the land and over the lake. In the morning the residual land breeze is commonly observed even as the air first becomes warmer over the land than over the lake. The carbon dioxide and water vapor concentrations can be higher over Candle Lake than over the land in the morning due to retention of nocturnal air over the lake and the much larger vertical mixing over the land.
As the air over the land continues to warm, the horizontal pressure gradient increases. This pressure gradient drives the divergence over the lake which reaches maximum values around 1300 LST.
The vertical turbulent fluxes are much smaller over the lake than over the land. Weak downward sensible heat flux is observed at the 30-and 100-m flight levels. As the lake warms up from spring to fall, the latent heat flux over the lake increases steadily, while over the land, the latent heat flux peaks during the summer season due to transpiration. The area-averaged fluxes strongly depend on the averaging length when significant land-lake contrast occurs in the averaging area. For a grid size several times the lake width, the exchange coefficient for heat in the bulk formula must be negative to predict the correct grid-averaged heat flux. The negative exchange coefficient occurs when the sensible heat flux and the air-ground temperature differences are dominated by the different surface types.
Numerous lakes in BOREAS influence not only the flow through land and lake breezes, which also induce local changes in cloud cover, but also the area-averaged fluxes. In the BOREAS southern and northern study areas, lakes cover about 10% and 20% of the study areas, respectively. If we assume the upward sensible heat flux over the land and downward over Candle Lake on May 26, 1994 (Figure 10) , to represent lake and the land areas in BOREAS, respectively, the area-averaged sensible heat flux over boreal forest is estimated to be 12-24% lower than if the area were covered by forest. However, a more accurate estimate of the area-averaged heat flux over the BOREAS area requires more information on the spatial variation of the surface fluxes over the boreal forest. Besides the surface type, the sensible heat flux can depend on the depth and turbidity of the lake. For example, the sensible and latent heat fluxes over White Gull Lake are found to be higher than those over Candle and Halkerr Lakes since this lake is shallow and turbid.
